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ABSTRACT

This Fresh Water Ice Algorithm Theoretical Basis Document (ATBD) describes the background,
theory, and analysis an algorithmic approach that can be used to develop operational algorithms
to retrieve fresh water ice concentration and fresh water ice edge boundary automatically from
Visible-Infrared remote sensing data. The data will be in the form of Sensor Data Records
(SDRs) produced by the Nationa Polar-Orbiting Operational Environment Satellite System
(NPOESS) Visble/Infrared Imager/Radiometer Suite (VIIRS). Fully automated retrievals of
fresh water ice datafrom Vis-IR will be of great value to operational ice centers in the NPOESS
era

Our process to create the Fresh Water Ice Environmental Data Record (EDR) from VIIRS data
has been developed to satisfy the requirements of VIIRS Sensor Requirements Document (SRD),
Version 3. Thisdocument is version 5 of the Fresh Water Ice ATBD. It isintended to completely
supersede previous versions.

The VIIRS Fresh Water Ice EDR requires that fresh water ice concentration be retrieved at a
regiona horizontal cell size of 2 km at nadir under clear conditions. A measurement range from
0.1 to 1.0 is required, with a measurement uncertainty of 0.1. Ice edge boundary location is
required, with a measurement uncertainty of 10 km. The horizontal coverage will include all
fresh water bodies with aminimum size of 10 kmin al directions.

Fresh water ice concentration is defined as the fraction of a given area of fresh water that is
covered by ice. Ice concentration is reported as a gridded product for areas of size limited by the
Horizontal Cell Size (HCS) requirement and separation limited by the Horizontal Reporting
Interval (HRI) requirement.

Ice edge boundary is defined as the contour separating fresh water from fresh water ice.
Following the SRD definition of sea ice edge location, the fresh water ice edge is defined as the
boundary between ice concentration > 0.1 and ice concentration < 0.1.

We retrieve ice concentration from an automated agorithm. The algorithm includes the
derivation of ice fraction for imagery resolution pixels, using tie point analysis of ice surface
temperature and/or surface reflectances. Operational capability is achieved by the use of loca
search windows to derive ice and water tie points and by automated cloud masking. Ice
concentration is retrieved as a gridded product at imagery resolution with measurement
uncertainty better than 0.1 in most cases.

An automated algorithm produces ice edge location as an edge/no edge binary map and also asa
set of latitude/longitude coordinates. The coordinates are determined at subpixel resolution by
interpolation of the ice concentration map in the vicinity of the ice edge isoline. A compact ice
edge boundary is located in most cases with a measurement uncertainty of less than 0.3 km at
nadir. The ice edge location and ice concentration retrieved by our automated algorithms will be
archived as a part of the VIIRS Fresh Water Ice EDR product, for use by analysts at operational
ice centers.

Raytheon SBRS Document #: Y 2404 vii
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Optimized parameters of a search window and band weight reduce tie point errors and provide a
seamless day/night transition.

This document presents the algorithm theoretical basis, the input data requirements, the EDR
performance specification and error analysis, conditions under which the specification cannot be
attained, and the plan for initialization and validation.

viii SBRS Document #: Y2404 navllheon
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1.0 INTRODUCTION

1.1 PURPOSE

This Algorithm Theoretical Basis Document (ATBD) explains the mathematical background to
derive the Fresh Water Ice Environmental Data Record (EDR). In addition, this document
provides an overview of the required input data, physical theory, assumptions, limitations, and a
performance analysis of the described algorithm. The Fresh Water Ice EDR is obtained from
measurements of the National Polar-orbiting Operational Environmental Satellite System
(NPOESS) Visble/Infrared Imager/Radiometer Suite (VIIRS). The one EDR described in this
document is part of the NPOESS/VIIRS team software package of EDRs.

1.2 SCOPE

This section of the ATBD introduces the agorithm. Section 2 provides an overview of the EDR
requirements, specifications, and retrieval strategy. Section 3 describes the algorithm’s functions
in detail, including the theoretical basis, mathematical description, and performance analysis.
Section 4 states the assumption and limitations on which the algorithm is based, and Section 5
provides references for the publications cited in this document.

1.3 VIIRS DOCUMENTS

This document contains references to other Raytheon VIIRS documents, designated by a
document number, which is given in italicized brackets. The VIIRS documents cited in this
document are:

[SS154640-001] - VIIRS System Specification

[PS 154640-101] - VIIRS Sensor Specification

[Y2401] - VIIRS Snow Cover ATBD

[Y2405] - VIIRS Ice Surface Temperature ATBD

[Y2411] - VIIRS Surface Reflectance ATBD

[Y2412] - VIIRS Cloud Mask ATBD

[Y2466] - VIIRS Imagery ATBD

[Y2468] - VIIRS Operations Concept document

[Y2469] - VIIRS Context Level Software Architecture

[Y2470] - VIIRS Interface Control Document

[Y2471] - VIIRS Aerosol Module Level Software Architecture

[Y2472] - VIIRS Cloud Module Level Software Architecture

[Y2477] - VIIRS Snow Ice Module Level Software Architecture

[Y2478] - VIIRS Build-RDR Module Level Software Architecture Document

[Y2479] - VIIRS Build SDR Module Level Software Architecture

[Y2506] - VIIRS Ice Edge Location Unit Level Detailed Design Document

Raytheon SBRS Document #: Y 2404 1
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[Y3235] - VIIRS Ice Concentration Unit Level Detailed Design Document
[Y3236] - VIIRS Software Integration and Test Plan

[Y3237] - VIIRS Algorithm Verification and Validation Plan

[Y3258] - VIIRS Geolocation ATBD

[Y3261] - VIIRS Radiometric Calibration ATBD

[Y3270] - VIIRS System Verification and Validation Plan

[Y3277] - VIIRS Aerosol Module Level Interface Control Document
[Y3278] - VIIRS Cloud Module Level Interface Control Document
[Y4963] - VIIRS Imagery TIM, March 8, 2000

[Y6635] - VIIRS Algorithm Software Development Plan

[Y6661] - VIIRS Algorithm Software Maturity Assessment Document
[Y7040] - VIIRS Algorithm/Data Processing Technical Report

[Y10880] — VIIRS Surface Temperature |P Unit Level Detailed Design Document
[Y11649] — VIIRS Ice Quality Unit Level Detailed Design Document

1.4 REVISIONS

Thisisversion 5.1 of the Fresh Water Ice ATBD, dated April 2002. It isaminor revision of
version 5.0, which was released in March 2002 as part of the Raytheon NPOESS/VIIRS Ciritical
Design Review (CDR) package. Thefirst two versions were developed in response to the VIIRS
Sensor Requirements Document (SRD), revision 1, dated August 3, 1998. The first version was
dated October 1998. The second version was dated June 1999. The third version, dated May
2000, was developed in response to VIIRS Sensor Requirements Document (SRD), Version 2,
Revision A, dated 04 November 1999 and was submitted as part of the Raytheon
NPOESS/VIIRS Preliminary Design Review (PDR) and Proposal packages.

Changes for version 3 were largely in response to revisions in the new SRD. They included:

e Modification of the process flow

e Development of scene-specific tie point analysis of reflectance and/or surface temperature
for the automated ice concentration algorithm

e Development of an automated algorithm to retrieve ice edge location
¢ Reporting of ice edge location as an ice edge map and a set of |atitude/longitude coordinates
e Additional fresh water ice test results, from an expanded test data set

e A revised fresh water ice specification, with supporting error analysis and error budget

> SBRS Document #: Y2404 Raytheon
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The primary purpose of version 4 was to respond to VIIRS Algorithm Watch List items
generated by the VIIRS Operationa Algorithm Team (VOAT). An additional purpose was to
incorporate minor revisions generated by an internal Raytheon review since the VIIRS PDR.
Changes since version 3 included:

e Expanded description of input data

¢ Revision and enhancement of the process flow description

e Responseto relevant VOAT Waitch List Items

Version 5 incorporates the post-PDR developments in software architecture and detailed design
that bring the algorithm to a CDR level of maturity. Changes since version 4 include:

e Additional development of the algorithm, with a detailed process flow and a detailed
description of the LUTSs.

e Theintroduction of an Ice Quality process that performs pixel masking and pixel weighting

Raytheon SBRS Document #: Y 2404 3
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2.0 EXPERIMENT OVERVIEW

2.1 OBJECTIVES OF THE FRESH WATER ICE RETRIEVAL

Fresh water ice concentration is defined as the fraction of a given area of fresh water that is
covered by ice, quantized to the nearest one tenth. Ice edge boundary is the contour separating
fresh water from fresh water ice. The requirements (Table 1) apply only under clear conditions.

Table1l. Specificationsof the VIIRS Fresh Water Ice EDR

Units:  Concentration: Dimensionless
Ice Edge Boundary: lat/long
. Specification
Para. No. Thresholds Objectives 1
Value
a. Horizontal Cell Size
V40.7.2-1 1. Atnadir 2 km (TBR) (TBD) 0.8 km
V40.7.2-2 2. Worst case 3.2 km (TBR) 2.6 km 3.2km
V40.7.2-3  |b. Horizontal Reporting Interval  |Horizontal Cell Size Horizontal Cell Size Horizontal Cell Size
(TBD**) (TBD)
V40.7.2-4  |c. Horizontal Coverage Fresh Water Fresh Water Fresh Water > 10 km
V40.7.2-5 |d. Measurement Range 1/10t0 10/10 0/10 to 10/10 0 - 1 concentration, any
concentration, 1/10 concentration, 1/10 value
increments increments
e. Measurement Uncertainty
V40.7.2-6 1. Ice Edge Boundary 10 km 5km 0.4 km (nadir),
1.0 km (worst case)
V40.7.2-7 2. Ice Concentration 1/10 absolute 10 % of true value, for  [0.1
concentration, for any true |any true value
value
V40.7.2-8 f. Mapping Uncertainty 2 3 km 1km 133 m (nadir),
500m (worst case)
V40.7.2-9 |i. Minimum Swath Width (All 3000 km (TBR) (TBD) 3000 km
other EDR thresholds met)

LVIIRs System Specification [ SS154640-001]
20nesi gma Mapping Uncertainty

Regional retrievals of lake ice concentration are important for commercial transportation
planning. Because ice conditions on the major commercia inland waterways vary day by day
(Assel, 1990), it is important to retrieve this information in an automated, operational
environment. | ce floe forecasts made by the National 1ce Center affect the safety of vesselsin the
Great L akes during winter (Mannen, 1996).

The ice edge boundary is the contour separating fresh water from fresh water ice. The error inice
edge boundary location is defined as the distance between a measured boundary point and the
nearest point on the true ice edge boundary. Ice edge boundaries are used for navigational
planning, and so must be available in a short time. The value of an automated retrieval is

SBRS Document #: Y2404 5
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indicated by the fact that changes in lake ice boundaries typically occur on short time scales
(Assel, 1990).

The VIIRS Fresh Water Ice EDR requires that fresh water ice concentration be retrieved at a
horizontal cell size of 2 km at nadir and 3.2 km at the edge of scan, under clear conditions. The
SRD states that fresh water ice concentration and edge are derived from the Imagery EDR. Our
approach to retrieve the Fresh Water Ice EDR is similar to the approach used to retrieve the
Imagery EDR Sea Ice Data Application-Related Products [Y2466]. The fresh water ice
concentration measurement range will be from 0.0 to 1.0, with a measurement uncertainty of 0.1
or better. The EDR also requires the ice edge boundary to be located with a measurement
uncertainty of 10 km.

The specifications for fresh water ice will be met by a daytime retrieval algorithm based upon
data in reflectance bands, using the surface reflectance properties of snow and ice versus open
water. Nighttime retrievals will be made from surface temperature contrast between snow/ice
and water.

2.2 HERITAGE
2.2.1 The Great Lakes

The Great Lakes region is, by far, the best-studied area for fresh water ice. The accessibility of
the region provides opportunities for extensive in situ study, as well as for generating a demand
for ice cover data. Information from ice cover data can be useful for solving problems in winter
navigation, shoreline engineering, hydropower generation, water supply, and water quality. In
addition, a database of Great Lakes ice studies extends back to the previous century, allowing for
long-term climate change analysis.

Each Great Lake possesses its own set of characteristics, both physical (volume, shore length,
etc.) and hydrometeorological (temperature, precipitation, evaporation patterns, etc.). During a
normal winter, ice cover varies from 15 percent on Lake Ontario to 95 percent on Lake Erie.
During a severe winter, ice cover on all of the lakes can approach 100 percent (Rondy, 1976).

The Great Lakes Environmenta Research Laboratory (GLERL), operated by the National
Oceanic and Atmospheric Administration (NOAA), has been responsible for an extensive study
of ice on the Great Lakes. Starting in the mid-1970s, a series of studies explored techniques and
algorithms to classify and map freshwater ice cover. These studies used Landsat, Advanced Very
High Resolution Radiometer (AVHRR), and European Remote Sensing Satellite (ERS-1)
Synthetic Aperature Radar (SAR) data, as well asfield studies. The goa of much of thiswork is
to develop an automated method to classify and map Great Lakes ice cover using satellite
imagery (Leshkevich, 1995).

Early work for the study, done by visual interpretation of remotely sensed data (Schertler et al.,
1975), showed that a variety of ice types and conditions would pose a challenge to automated
methods. Each of the ice types common to the Great Lakes is unique in appearance, mode of
formation, and physical characteristics. Bolsenga (1983) studied variations in the spectra
reflectance of new snow, melting snow, refrozen slush ice, brash ice, pancake ice, and slush curd
ice at Great Lakes ground sites. This study measured albedos varying from 0.1 for clear ice to
0.85 for new snow, with different ice types found in the same vicinity. Leshkevich (1981, 1985)

5 SBRS Document #: Y2404 Raytheon
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analyzed ice cover on Green Bay from Landsat-1 data. He found that seven ice types could be
differentiated, but not easily classified. This pointed to the need for a more comprehensive, well-
documented library of signatures representing Great Lakes ice types. Additional complications
are caused by tempora variations on time scales of hours (Bolsenga, 1977). These time
variations complicate endmember selection and limit the usefulness of ancillary data that are not
contemporaneous. Anisotropic reflectance is another important factor.

The work at NOAA/GLERL illustrates the complex nature of ice conditions on the Great Lakes.
The results indicate the need for a comprehensive regional database, which would not have been
as apparent from remote sensing data alone.

2.2.2 Remote Sensing of Lake Ice

Ice formsin avariety of fresh water bodies, ranging from large lakes to small ponds, throughout
temperate and polar zones. The retrieval of fresh water ice properties from remote sensing datais
limited by the achievable horizontal spatial resolution and also by the lack of knowledge of
conditions on a global scale.

Most remote sensing studies of lake ice have used sensors in the Visible-Infrared (VIR) range,
primarily Landsat, Very High Resolution Radiometer (VHRR), and AVHRR. Landsat
observations were used for a manua classification of ice types in Great Lakes ice cover
(Leshkevich, 1985), and to study ice cover in Lake Superior and Lake Erie as part of along-term
climatology study (Assel, 1990). NOAA-4 VHRR imagery was used by Wiesnet (1979) for a
detailed study of a season on Lake Erie. A series of VHRR images showed the spatial and
temporal variability of surface albedo as ice forms, moves, becomes snow-covered, breaks, and
melts, under the influence of highly variable temperature and wind conditions. The
NOAA/GLERL studies have also used AVHRR data (L eshkevich, 1995).

2221 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) fresh water ice product is
regional in nature. Ice will be mapped in the Great Lakes, Great Bear Lake, Great Slave Lake,
Lake Winnipeg, Lake Athabasca, Lake of the Woods, Lake Sakami, Lake Nipigon, Reindeer
Lake, Lake Vanern, Lake Ladoga, Lake Baikal, Lake Peipus, Lake Balkhash, and Onega L ake.
The MODIS agorithm (Hall, Riggs, and Salomonson., 1995; Hall et al., 1998, Hall et al., 2001)
uses a grouped thresholding technique, and will produce daily and 10-day composite lake ice
products. Given the regiona nature of lake ice conditions, the MODIS algorithm will require
extensive validation activity, pre-launch and in-flight, to build up regional databases of factors
influencing ice conditions. It is expected that the VIIRS agorithm will benefit from these
databases.

2.2.2.2 MODIS Airborne Simulator

MODIS pre-launch activity uses data from the various campaigns of the MODIS Airborne
Simulator (MAS). We will aso make use of this data for initialization and pre-launch
characterization, as we discuss in Section 3.5.6 of this document. MAS data have aso been used
for our EDR performance analysis (c.f. Section 3.3.4.2).
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2.2.2.3 Passive Microwave

Passive microwave observations of first year sea ice have made a valuable contribution to the
study of polar regions (Eppler et al., 1992). Studies of lake ice have been much less extensive,
perhaps because of limited availability of high spatial resolution microwave data. The few
studies that have been made include airborne C-band radiometry of the Great Lakes (Swift, Jones
et al., 1980; Swift, Harrington et al., 1980) and airborne Ka-band imagery of Lake Harding,
Alaska (Méelloh et al., 1981). These studies demonstrate the potential for passive microwave
remote sensing of lake ice. They show that lake ice types can be distinguished by their
microwave brightness temperatures. A uniform slab of clear ice will emit microwave radiation
proportional to its thickness. In lake ice, there can be many air bubbles that are unevenly
distributed throughout the ice. The bubbles lower the emissivity, resulting in brightness
temperature variations (Hall et al., 1981). Surface features, produced by freeze/thaw events and
motion-driven collisions, will also modify the microwave signal (Eppler et a., 1992). The same
features affect surface albedo, suggesting correlations between microwave and reflectance
signatures of lake ice.

Lake ice cover is a requirement for the NPOESS Conical-Scanning Microwave I mager/Sounder
(CMIS) passive microwave sensor, at a horizontal spatial resolution of 20 km. The potential
exists for abeneficial fusion of VIIRS and CMIS data.

2.3 INSTRUMENT CHARACTERISTICS

The VIIRS instrument can be pictured as a convergence of three existing sensors, two of which
have seen extensive operational use at this writing.

The Operational Linescan System (OLS) is the operational visible/infrared scanner for the
Department of Defense (DoD). Its unique strengths are controlled growth in spatia resolution
through rotation of the ground instantaneous field of view (GIFOV) and the existence of a low-
level light sensor (LLLS) capable of detecting visible radiation at night. OLS has primarily
served as a data source for manual analysis of imagery. The Advanced Very High Resolution
Radiometer (AVHRR) is the operational visible/infrared sensor flown on the National Oceanic
and Atmospheric Administration (NOAA) Television Infrared Observation Satellite (TIROS-N)
series of satellites (Planet, 1988). Its unique strengths are low operational and production cost
and the presence of five spectral channels that can be used in a wide number of combinations to
produce operational and research products. In December 1999, the National Aeronautics and
Space Administration (NASA) launched the Earth Observing System (EOS) morning satellite,
Terra, which includes the Moderate Resolution Imaging Spectroradiometer (MODIS). This
Sensor possesses an unprecedented array of thirty-two spectral bands at resolutions ranging from
250 m to 1 km at nadir, allowing for unparalleled accuracy in a wide range of satellite-based
environmental measurements.

VIIRS will reside on a platform of the National Polar-orbiting Operational Environmental
Satellite System (NPOESS) series of satellites. It is intended to be the product of a convergence
between DoD, NOAA and NASA in the form of a single visible/infrared sensor capable of
satisfying the needs of all three communities, as well as the research community beyond. As
such, VIIRS will require three key attributes: high spatial resolution with controlled growth off
nadir, minimal production and operational cost, and a large number of spectral bands to satisfy
the requirements for generating accurate operationa and scientific products.
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The VIIRS sensor specification is based on the sensor requirements of the National Polar-
orbiting Operational Environmental Satellite System (NPOESS) and on EDR thresholds and
objectives. The Fresh Water Ice algorithm takes as input geolocated, calibrated Sensor Data
Records (SDRs) generated from three VIIRS Imagery bands [Y2478]. The SDRs are obtained
from VIIRS RDRs by an RDR to SDR process. The RDRs are obtained by a rotating telescope
scanning mechanism that minimizes the effects of solar impingement and scattered light. Figure
1 illustrates the design concept for VIIRS, designed and built by Raytheon Santa Barbara
Remote Sensing (SBRS). VIIRS is essentially a combination of SeaWiFS foreoptics and an all-
reflective modification of MODIS/ITHEMIS aft-optics. Calibration is performed onboard using a
solar diffuser for short wavelengths and a blackbody source and deep space view for thermal
wavelengths. A solar diffuser stability monitor (SDSM) is aso included to track the performance
of the solar diffuser. The VIIRS scan will extend to 56 degrees on either side of nadir, providing
a swath of 3000 km for the nominal satellite altitude of 833 km.

Solar Calibration Port, Door and Screen
(ETM+/MODI S/SeaWiFSVIRS)

Blackbody (MmobDIsVIRS)

Rotating Telescope Scan (SeawiFs)

(ETM+/MODIS,

SeaWiFS/VIRS) Velocity °* Constant-Speed Rotating Telescope
rv » Simple All-Reflective Optics
Nadir » Proven Emissive/Reflective Calibration

Figure 1. Summary of VIIRS design concepts and heritage.

The VIIRS SRD places explicit requirements on spatial resolution for the Imagery EDR.
Specificaly, the horizontal spatial resolution (HSR) of bands used to meet threshold Imagery
EDR requirements must be no greater than 400 m at nadir and 800 m at the edge of the scan.
This led to the development of a unique scanning approach which optimizes both spatial
resolution and signal to noise ratio (SNR) across the scan. The concept is summarized in Figure
2 for the imagery (fine resolution) bands. The VIIRS detectors are rectangular, with the smaller
dimension along the scan. At nadir, three detector footprints are aggregated to form a single
VIIRS “pixel.” Moving along the scan away from nadir, the detector footprints become larger
both along track and along scan, due to geometric effects and the curvature of the Earth. The
effects are much larger along scan. At 31.59 degrees in scan angle, the aggregation scheme is
changed from 3x1 to 2x1. A similar switch from 2x1 to 1x1 aggregation occurs at 44.68 degrees.
The VIIRS scan consequently exhibits a pixel growth factor of only 2 both along track and along
scan, compared with a growth factor of 6 along scan which would be realized without the use of
the aggregation scheme. This scanning approach allows VIIRS to provide imagery at 800-m
resolution or finer globally, with 375-m resolution at nadir. Additionally, due to the imagery
requirements for VIIRS and the “dliver” detector design, MTF performance will be extremely
sharp (0.5 at Nyquist).
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Fine-Resolution Bands for | magery

Nadir 2028 km 3000 km
* aggregate 3 samples « aggregate 2 samples * No aggregation
* SNR increases by sqrt(3) * SNR increases by sqrt(2)
371m I 606 m 800 m
I— ]
129 m | l
— I —
388 m IWI 789 m

Figure 2. VIIRS detector footprint aggregation scheme for building Imagery “ pixels’.

Figure 3, showing the Horizontal Sampling Interval (HSI) that results from the combination
scan/aggregation scheme, illustrates the benefits of the aggregation scheme for spatial resolution.
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Figure 3. Horizontal Sampling Interval (HSl) for imagery bands (aggregation in scan
direction).

The VIIRS Fresh Water Ice EDR benefits greatly from the high performance requirements
placed on the VIIRS Imagery EDR, as the algorithm uses the imagery bands for input data. The
performance characteristics of the bands used by the Fresh Water Ice algorithm, listed in Table 2
and Table 3, are obtained from the VIIRS Sensor Specification Document [PS 154640-101] and
the VIIRS Radiometric Calibration ATBD [Y3261].
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Fresh Water Ice

Table2. Fresh Water 1ce EDR —Input Data Summary (Spatial)

AMum) | AA(um) GSD *(m) at Nadir HSR* *(m) at Nadir | GSD* (m) at Edge of | HSR** (m) at Edge of
(Track x Scan) (Track x Scan) Scan (Track x Scan) | Scan (Track x Scan)
0.640 0.050 371x131 371x 393 800 x 800 800 x 800
0.865 0.039 371x131 371x 393 800 x 800 800 x 800
11.45 1.90 371x 131 371x 393 800 x 800 800 x 800

* Ground Sample Distance

** Horizontal Spatial Resolution

Table3. Fresh Water 1ce EDR —Input Data Summary (Radiometric)

A(um) AM(pm) Ltyp (Watts/m2-sr-um) SNR / NEAT SNR / NEAT
or Ttyp (Nadir) (Edge of Scan)
0.640 0.080 23.0 275 159
0.865 0.039 25.0 389 225
11.45 1.90 210K 040K 0.69K

The gpatial and radiometric performance of the bands allows the algorithm to exceed the EDR
specification for Horizontal Cell Size and Measurement Uncertainty (c.f. Table 1).
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24 RETRIEVAL STRATEGY

Automated algorithms will be used to derive ice edge location and ice concentration. The
algorithms will function in the Snow/Ice Module, as an integral part of the software architecture
for producing Snow/Ice EDRs as well as Imagery Sea Ice Application-Related Products (ARPS).
The processing outline is described in Section 3.1.

Although ice edge location and ice concentration are application-related products of the Imagery
EDR, similar algorithms and input data are used for the Fresh Water Ice Sea Ice Age/Edge
Motion EDRs. There is a large degree of commonality between the algorithm theoretical basis
for Imagery Sealce ARPs[Y2466] and that for Fresh Water |ce.
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3.0 ALGORITHM DESCRIPTION

3.1 PROCESSING OUTLINE

The Fresh Water Ice EDR is retrieved by an automated agorithm. The process flow is
implemented in three independent testable software units, Ice Quality, Ice Concentration, and Ice

Edge Location, asillustrated in Figure 4.

VIIRS VIIRS Aerosal VIIRS Cloud
EV_375M SDR Optical Thickness IP Optical Thickness IP

Solar Zenith Angle,
Band Quality,
Geodetic Coordinates,
VIIRS Grid Reference VIIRS

Cloud Mask (|3|'D°”d Mask

Ice Location IP,
Ice Mask IP

Ice Quality LUT

lceWeights IP,
Ice Location IP,
IceMask IP

Ice Edge Location LUT

.

VIIRS Surface
Reflectance IP

S

9.4

9.3

Ice Concentration |P

VIIRS Surface lce Ice Edge
Temperature IP Concentration Location
(Boundary)

/

Ice Concentration LUT Ice Edge Pixédls,

Ice Concentration,

Ice Edge Coordinates,
Ice Edge Quality Flags

Concentration Weights,
| ce Concentration Quality Flags

VIIRS Fresh Water
lce EDR

Figure4. Processflow for the Fresh Water 1ce EDR algorithm.

The process flow for these three units is described in detail in [Y2477]. The main steps are as
follows:

1) Input data, described in Section 3.5.2, isread in to the module. Pixels within the pre-
specified horizontal coverage range are passed into the ice units, beginning with the
Ice Quality unit. The algorithm will acquire aVIIRS fresh water mask to identify all
pixels that should be processed for the Fresh Water Ice EDR. This mask defines the
Horizontal Coverage specification of the EDR. It excludes all fresh water bodies
smaller than 10 km in any direction.

2) Thelce Quality unit [ Y11649] performs pixel masking and pixel weighting, using
information inthe VIIRS EV_375M SDR [Y2479], VIIRS Aerosol Optical Thickness
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3)

4)

5)

6)

7)

IP[Y2471], VIIRS Cloud Optical ThicknessIP[Y2472], VIIRS Cloud Mask IP
[Y2412], and an Ice Quality LUT [Y11649] . The unit produces the Ice Location IP,
the Ice Mask IP, and the Ice Weights IP. These are described in detail in [Y11649] .

Two surface reflectance images are passed into the Ice Concentration unit. The
images, from VIIRS imagery resolution bands 11 (Visible) and 12 (NIR), are obtained
from the VIIRS Surface Reflectance IP [ Y2411] . Bad pixels are identified from
quality information in the Ice Mask IP, Ice Weights IP, and Surface Reflectance IP.
Ice concentration is calculated for each good pixel, using the tie point algorithm
(Section 3.5.3.2.1).

The surface temperature image is passed into the Ice Concentration unit. Theimageis
obtained from the VIIRS Surface Temperature IP, at imagery resolution. Bad pixels
areidentified from quality information in the Ice Mask IP, Ice Weights IP, and
Surface Temperature IP. Ice concentration is calculated for each good pixel, using the
tie point algorithm (Section 3.5.3.2.1).

The combined ice concentration for each pixel is calculated as the weighted mean of
the individual band results. Concentration weights for each pixel are calculated as the
sum of the individual band weights. The band weights are obtained from the Ice
Weights IP.

The ice concentration is passed into the Ice Edge Location unit. Pixels with no
concentration result are masked. The ice edge location algorithm tags each pixel as
edge or no edge, and computes edge location coordinates from the coordinates and
concentration of each edge pixel and its neighbors.

Ice concentration, concentration weights, and quality flags for each imagery
resolution pixel are written to the VIIRS Fresh Water Ice EDR. The edge/no edge
binary map, edge coordinates, and quality flags are also written to the EDR.

The agorithm uses reflectance and surface temperature data obtained from IPs produced from
the Daytime Visible (DV) and Long-Wave Infrared (LWIR) imagery bands to meet the threshold
requirements. Performance may be enhanced by the use of the Near Infrared (NIR) imagery
resolution band at 0.865 um. The relative weight assigned to the DV and NIR bands shall be
determined by initialization and validation (c.f. Section 3.5.6).

The algorithm shares functionality with the Version 5 automated algorithm for the retrieval of
Imagery Sea Ice Data products. Therefore, the theoretical basis and performance of the Fresh
Water Ice EDR is quite similar to that for sea ice, as documented in the VIIRS Imagery ATBD

[Y2466].

14
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3.2 ALGORITHM INPUT

3.2.1 VIIRS Data

The VIIRS data presented in Table 4 are required input to the algorithm processing code.

Table4. VIIRSdatafor the Fresh Water lce EDR

Input Data Source of Data Reference
Instrument (Band) Quality VIIRS SDR [Y2479]
Geodetic Coordinates VIIRS SDR [Y2479], [Y3258]
Solar/Sensor Angles VIIRS SDR [Y2479]
VIIRS Grid Reference VIIRS SDR [Y2479]
Fresh Water Mask VIIRS Fresh Water Ice LUT [Y11649]
Aerosol Optical Thickness (AOT) Aerosol Optical Thickness IP [Y2471], [Y3277]
Cloud Optical Thickness (COT) Cloud Optical Thickness IP [Y2472], [Y3278]
Visible Surface Reflectance VIIRS Surface Reflectance IP [Y2411]
Near IR Surface Reflectance VIIRS Surface Reflectance IP [Y2411]
Surface Temperature VIIRS Ice Surface Temperature IP [Y10880]
Cloud Mask VIIRS Cloud Mask IP [Y2412]
Land/Water Mask VIIRS Cloud Mask IP [Y2412]
Ice Quality Parameters VIIRS Ice Quality LUT [Y11649]
Ice Concentration Parameters VIIRS Ice Concentration LUT [Y3235]
Ice Edge Location Parameters VIIRS Ice Edge Location LUT [Y2506]

Instrument (Band) Quality

The VIIRSEV_375M SDR will contain quality flags for each band at imagery pixel resolution.
Pixels with bad quality for a given band will be assigned zero band weight.

Geodetic Coordinates

The VIIRSEV_375M SDR will contain geodetic latitude and longitude of each imagery
resolution pixel. The SDR coordinates will be used to report the latitude/l ongitude coordinate of
each pixel in theice concentration and edge/no edge binary map, and to derive ice edge
coordinates. Geodetic coordinates will also be used to exclude pixels outside of the Horizontal
Coverage range for the Fresh Water Ice EDR (c.f. Table 1). Thisexclusion is quite useful in
reducing the VIIRS system processing load, as most VIIRS granules will be outside of the range.
Granule out of range flags will allow the ground system to bypass all Fresh Water Ice EDR
processing for those granules.

Solar / Sensor Angles

The solar zenith angle (SZA) will be used to determine the relative weight of the reflectance-
based and temperature-based retrievals. Each of the bands (11, 12, and 15) will have pixe
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weights. Bands 11 and 12 will be progressively de-weighted as the SZA increases, providing a
seamless transition across the terminator. The weighting function will be determined by pre-
launch validation, as part of the initialization plan, and will be adjusted off-line by post-launch
validation. The weighting function will be obtained from the Ice Quality LUT. Solar/sensor
angles may aso be used to apply a directiona reflectance (BRDF) quality flag, if warranted by
pre-launch or post-launch validation. We do not expect BRDF to be a significant error source, as
the algorithm uses alocal search window to characterize the ice reflectance (c.f. Section 3.3.2.1).
Within alocal search window, BRDF variations should be negligible.

VIIRS Grid Reference

Each pixel in the granule will be associated with a location in the external VIIRS grid. This
reference is used in conjunction with the fresh water mask to determine whether the pixel is
within the Horizontal Coverage range.

Fresh Water Mask

The Horizontal Coverage for the EDR is specified as a global set of fresh water bodies which
have a minimum spatial extent of 10 km in any direction. This set will be pre-selected and
mapped to the external VIIRS grid. VIIRS pixels co-located with this set will be tagged as fresh
water. Only pixels with this fresh water mask will be processed by the algorithm. The fresh water
mask will be applied to each pixel, using a pre-set Fresh Water Ice LUT of fresh water grid
locations combined with pixel to Earth grid pointersin the VIIRS SDR [ Y2479].

Aerosol Optical Thickness

Aerosol optical thickness (AOT) is obtained at moderate pixel resolution from the Aerosol
Optical Thickness IP. It is used in the Ice Quality process to derive pixel quality and pixel
weight.

Cloud Optical Thickness

Cloud optical thickness (COT) is obtained at moderate pixel resolution from the Aerosol Optical
Thickness IP. It is used in the Ice Quality process to derive pixel quality and pixel weight, as a
switchable alternative to the Cloud Mask.

Surface Reflectance

Discrimination of ice from open water can be made on the basis of their reflectance spectra. The
VIIRS Surface Reflectance algorithm [Y2411] will supply a Surface Reflectance IP for the 11
and 12 bands used by the algorithm. Models of surface reflectance error are used in our error
analysis (c.f. Section 3.4.2).

Surface Temperature

Surface temperature of the ice is needed for ice concentration retrieval at night, and is often
useful for daytime retrievals.
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The VIIRS Surface Temperature |P algorithm [Y2405] will determine the surface temperature
for each imaged pixel, which will be supplied as a Surface Temperature P [ Y10880]. A model of
surface temperature error is used in our error analysis (c.f. Section 3.4.2).

Cloud Mask

The VIIRS cloud mask [Y2412] is expected to derive a status of confident clear / probably clear /
probably cloudy / confident cloudy for each pixel, building on MODIS cloud mask heritage
(Ackerman et al., 1997). Pixels classified as “cloudy” will be excluded from further processing.
Pixels classified as “ probably cloudy” are also expected to be excluded. This determination must
depend on an assessment of the cloud mask performance, particularly over snow and ice
surfaces. Pixels classified as “probably clear” will be processed. For these pixels, the pixel
weight will be reduced by a factor obtained from the Ice Quality LUT, and a pixel quality flag
will be written to the output EDR. Pixels classified as “confident clear” will be processed with
no weight reduction. It is anticipated that the cloud mask will also flag pixels that are shadowed
by clouds. In that case, a cloud shadow weight reduction factor will be assigned to those pixels
and a shadow quality flag will be written to the EDR. The cloud mask will also supply thin
cirrus, sun glint, and active fire flags, which our algorithm will use to assign pixel weight and
pixel quality to the data.

Land / Water Mask

The EDR will be reported for inland water pixels within the Horizontal Coverage range. Land
pixels, ocean pixels, and pixels outside of the Horizontal Coverage range will be excluded from
further processing. Coastline pixel weights will be reduced by a factor obtained from the Ice
Quality LUT and reported with a quality flag. Information on Land/Ocean/Inland
Water/Coastline status will be obtained from the Cloud Mask 1P [Y2412], using the best quality
land/water map available.

Ice Quality Parameters

A set of input parameters will be obtained from a pre-set VIIRS Ice Quality LUT. The
parameters include ranges for sea ice and fresh water ice horizontal coverage. Pixels outside of
the horizontal coverage range will be de-weighted. The parameters also include a switch
determining whether to use the Cloud Mask IP or the Cloud Optical Thickness IP for cloud
masking, default relative weights for the 11, 12, and I5 bands, and weight reduction factors for
various types of clouds, AOT, and SZA. The vaues of these parameters will be determined by
initialization and validation activities (Section 3.6). A detailed description of the parameters can
be found in [ Y11649].

Ice Concentration Parameters

A set of input parameters will be obtained from a VIIRS Ice Concentration LUT. These
parameters direct the implementation of the ice concentration algorithm (Section 3.3.2.1) in the
Ice Concentration software unit. They include search window pixel size, ice/water thresholds,
and histogram bin sizes. The values of these parameters will be determined by initialization and
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validation activities (Section 3.6). A detailed description of the parameters can be found in
[Y3235].

Ice Edge Location Parameters

A set of input parameters will be obtained from a VIIRS Ice Edge Location LUT. These
parameters direct the implementation of the ice edge location algorithm (Section 3.3.2.2) in the
Ice Edge Location software unit. Primarily, they include parameters used to determine spatial
smoothing scales appropriate for the diffuseness of the ice edge in a given vicinity. The values of
these parameters will be determined by initialization and validation activities (Section 3.6). A
detailed description of the parameters can be found in [ Y2506] .

3.2.2 Non-VIIRS Data
The Fresh Water Ice EDR requires no input data from outside the VIIRS system.
3.3 THEORETICAL DESCRIPTION OF THE RETRIEVAL

In the following sections, the mathematical background of the processes outlined in Section 3.1
will be described.

3.3.1 Physics of the Problem

3.3.1.1 Ice Reflectance

Reflectance from ice surfaces differs from snow reflectance because the ice consists of sheets
rather than grains. Clear ice dabs are highly transmitting (Bolsenga, 1983). Reflectance occurs
by scattering from impurities, such as brine pockets and air bubbles. Therefore, the reflectance
observed from natural ice surfaces is highly variable, depending on the condition of impurities
for a given ice sheet. Given the wide variety of ice conditions in nature, ice reflectance is not as
well determined as snow reflectance. Snow reflectance is amenable to the Mie scattering theory
(Warren, 1982). In contrast, studies of ice reflectance tend to be empirical.

Jeffries, Morris, and Weeks (1994) studied shallow lakes on the North Slope of Alaska. They
noted that lake ice is comprised primarily of congelation ice. That ice is the product of
downward growth of ice crystals into the water, as heat is conducted through the ice, from the
growth interface to the atmosphere. This ice can be either clear, or contain bubbles. During the
earliest stages of ice growth, al gases are rejected back into the water during the freezing. This
results in a layer of clear, low reflectance ice. The ice layer thickens downward, with the new
layers, shielded from the atmosphere, retaining air bubbles (Morris, Jeffries, and Weeks, 1995).
This growth process differs from sea ice growth, which initiates with the formation of frazil ice
in turbulent, briny media (Eppler et al., 1992). As aresult, young sea ice reflectance spectra may
differ from lake ice spectra.

The reflectance properties of fresh water ice have been studied by Leshkevich (1981), who
identified seven distinct types of ice cover on Green Bay from a supervised classification of
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Landsat data. Differences between this classification and a previous automated classification of
the same scene (Leshkevich, 1985) point to the need for a more comprehensive, well-
documented library of ice type signatures. The differences also demonstrate the difficulty in
classifying ice types, which are inherently variable.

One drawback to the classification of fresh water ice types has been the relative scarcity of
remote sensing studies of lake ice. Remote sensing studies of young sea ice are more widespread,
and are of potentia benefit (Eppler et al., 1992). One well-established characteristic of seaiceis
the wide range in albedos observed in first-year ice of various types and thickness (Grenfell and
Maykutt, 1977; Grenfell and Perovich, 1984). This characteristic appears to be shared by fresh
water ice (Bolsenga, 1983). This characteristic is an important limiting factor in reflectance-
based retrieval of ice concentration in the absence of snow cover (Massom and Comiso, 1994).
Our search window technique (Section 3.3.2.1) handles this problem by characterizing the local
ice reflectance empirically

Visible and NIR reflectance is a useful ice/water discriminator, as water reflectance in this
spectral rangeis lower than the reflectance from all but the thinnest ice surfaces.

3.3.1.2 Snow reflectance

The reflectance characteristics of ice surfaces are influenced by accumulated snow cover. Pure
snow is adistinctive target across a part of the solar spectrum. It is among the brightest of natural
substances in the visible and near-infrared part of the spectrum, but it is aso often the darkest in
the shortwave infrared (Dozier, 1989). The spectral albedo of snow depends on wavelength, and
this dependency is controlled by the imaginary part (k) of the complex refractive index. This
reaches a minimum at a wavelength of about 0.46 microns, and increases by a factor of 10° - 10’
as wavelength increases out to 2.5 microns (Warren, 1982; Dozier, 1989). Light transmission
decays exponentialy in snow across a distance d as exp(-4rnkd/A). The e-folding distance for
snow (the distance over which transmittance is reduced to 1/e) decreases from more than 20 min
the 0.4 — 0.5 micron range to lessthan 1 mm at 1.6 microns.

Light in snow is scattered primarily by refraction through, not reflection from, the ice grains.
Photons are scattered at the grain surfaces, but absorbed while traversing the grain interiors. Only
about 3 percent of the light scattered by an ice grain is reflected from the external surface. Nearly
89 percent is refracted through the grain, and 8 percent is scattered after internal reflections
(Bohren and Barkstrom, 1974). Because ice is so transparent to visible radiation, snow
reflectance is insensitive to grain size in bands below 0.7 microns, but sensitive to absorbing
impurities in the snow and to SWE (Wiscombe and Warren, 1980; Grenfell, Perovich, and Ogrin,
1981). Because absorption by ice is much stronger in bands above 1.4 microns, reflectance at
these wavelengths is insensitive to absorbing impurities and SWE, but sensitive to grain size.
Absorbing particulates affect snow reflectance out to 0.9 microns (Grenfell, Perovich, and Ogrin,
1981), so the 0.86 micron band is sensitive to both absorbing impurities and grain size. All
valuesin this paragraph are determined from geometric optics for a sphere.

The spectral signature of snow is unigue among common substances. Clouds and snow are both
bright across the visible and near-infrared region, but clouds are much brighter than snow in the
shortwave infrared. This is because the smaller size of the scatterers in clouds decreases the
probability of absorption in this spectral region where ice and water are moderately absorptive
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(Crane and Anderson, 1984; Dozier, 1984, 1989). Conversely, bodies of open water are dark at
all wavelengths.

Visible and NIR reflectance is a useful ice/water discriminator when there is snow cover on the
ice, as water reflectance in this spectral rangeis lower than snow reflectance.

The physical basis of snow reflectance is also discussed in the VIIRS Snow Cover/Depth ATBD
[Y2401].

3.3.1.3 Surface temperature

During nighttime, infrared bands will be the only available information to retrieve ice fraction.
Infrared radiance allows us to calculate surface temperature.

Ice surface temperature is a good indicator of ice state for ice with thickness less than 1 meter.
The surface temperature varies in a large range of magnitude depending on the stage of ice
development or ice age (thickness). Thus, surface temperature is an indicator of ice age.

Changes in ice surface temperature are governed by the joint influence of vertical heat fluxes of
different origin. The intensity of turbulent exchange by heat between the atmosphere and
underlying ice surface, as well as the surface balance of long-wave radiation, directly depend on
ice surface temperature. Vertical heat flux through ice cover is an explicit function of the vertical
ice temperature profile, which depends on ice surface temperature. Thus, all main components of
heat exchange between the atmosphere and the underlying ice surface (except short-wave
radiation fluxes) are explicit functions of ice surface temperature.

In wintertime, heat flux between the atmosphere and ice is compensated by ice growth at the
underside of the ice. There are no vertical changes in heat flux at the boundary between air and
ice surface. At the same time, many components of heat flux depend on ice surface temperature.
Therefore, conditions of conservation of vertical heat flux at the surface can be fulfilled only if
ice surface temperature is adjusted to varying influencing environmental conditions.

Ice thickness is the main factor determining vertical heat flux through the ice under specified
atmospheric conditions. Thus, a general conclusion about the relation between ice surface
temperature and thermodynamic processes in ice cover and atmospheric boundary layer can be
formulated. | ce surface temperature is determined by the processes of vertical heat exchange and
isadistinctive indicator of ice thickness.

Surface temperature is a useful ice/water discriminator, as water temperature is higher than the
temperature of all but the thinnest ice surfaces.

3.3.1.4 Physical Hypotheses

A. Both surface temperature and reflectance measured on the basis of satellite data vary in a
large range of magnitude depending on ice fraction and ice age. Thus, surface temperature
and reflectance are a valuable source of information on ice fraction and age, as the surface
temperature and reflectance of a mixed ice/water pixel will depend on ice fraction as well as
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ice type. To separate the influence of ice fraction and ice type, we need to use an additional
assumption about these two influencing parameters.

Our approach is based on a consideration of processes forming ice distribution. Spatial
changes in the predominant ice type (age) and its properties are governed by freezing and
melting and can be considered as smooth. This hypothesis, which is certainly correct in most
cases, is used to develop the agorithm of ice concentration retrieval.

B. Fresh water ice consists of different floating ice forms (ice floe sizes). The sizes of ice floes
depend upon season and region, decreasing during melting. A predominant ice floe size aso
decreases with decrease in ice concentration. But even ice floes of small size tend to gather
in belts or spots of very closeice. As aresult, we can state that in amost all cases, data of
satellite observations even for relatively small areas of the surface will include pure pixels
corresponding to ice.

Our approach takes advantage of the overwhelming probability that an ice scene will contain
pure ice pixels in aregion localized near any pixel that contains some ice. In that case, the
condition of the predominant ice type in the area under consideration can be approximated as
the reflectance (or temperature) peak of the distribution (histogram) of reflectance (or
temperature). Our approach adopts the derived condition of the predominant ice type as the
icetie point for agiven pixel.

C. Tie point analysis determines the fraction of ice. The tie point analysis is based on the
assumption that the spectral fraction of ice is equa to the horizontal fraction of the pixel
covered by ice. Theice tie point is reflectance (or temperature) of ice in various stages of
development. These ice tie points are not predetermined but vary in alarge range depending
on time and space. The tie points are scene specific and calculated by an automated
agorithm, promising global operational capability.

D. Ice concentration is derived independently from three bands (visible reflectance from the
0.64 um imagery band, near IR reflectance form the 0.865 um imagery band, and
temperature from the 11.45 um imagery band). We use the reflectance tie points if the solar
zenith angle is smaller than a threshold value. We use the temperature tie point if it is colder
than a threshold value. If al tie points are useful, we calculate a weighted average ice
fraction. The relative weights of the three bands are determined automatically for each pixel
from the conditions of a specific scene. Optimized band weights reduce error and provide a
seamless day/night transition.

3.3.2 Mathematical Description of the Fresh Water Ice Algorithm

3.3.2.1 Ice Concentration from Tie Points

Under conditions where there is a predominant ice type in a local area, ice fraction for each
imaged pixel can be retrieved by the direct application of a tie point method. The tie point is a
special case of gpectral mixture analysis, restricted to two endmembers. The endmember
signatures are derived from identifying pure pixelsin the scene.
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Theice fraction for amixed pixél is:

f(p) = ( bp — Bwater) / (Bice — Pwater) (33.2.11)

where: f(p) isthe calculated ice fraction
bice IS the brightness value of a pure ice pixel
buater 1S the brightness value of a pure water pixel
by isthe brightness value of the pixel

Our agorithm acquires three independent brightness values for each pixel. These are a visible
reflectance, a near IR reflectance, and atemperature.

To take advantage of all of the available information, our algorithm generalizes the tie-point
equation to three dimensions. We assume that the locus of equal ice fraction in multi-
dimensional space corresponds to planes perpendicular to the line connecting ice and water tie
points. In that case:

f(p) = Z; (Djice — Biwater)( Pip — Biwater) / Zj (Bjice — Djwater)? (3.3.2.1.2)

where: f(p) isthe calculated ice fraction
bjice i's the jth brightness value of a pure ice pixel
Bjwater 1S the jth brightness value of a pure water pixel
bjp isthe jth brightness value of the pixel

and the brightness values in Equation 3.3.2.1.2 have been normalized to their root mean square
deviations on the scene.

In that case, equation 3.3.2.1.2 is equivalent to:

f(p) = (Z; (W))( bjp — bjwater) / (jice — Piwater ) ) / Zj W, (3.3.2.1.3)
or:

f(p) = % (W fi(0)) / 5w (3.3.2.1.4)
where: f(p) isthe calculated ice fraction

w; isthe relative weight in band j

bjice i's the jth brightness value of a pure ice pixel
Bjwater 1S the jth brightness value of a pure water pixel
bjp isthe jth brightness value of the pixel

fi(p) isthe ice fraction calculated from band j

and: W = E; (bjice — Biwater)’ (3.3.2.1.5)
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We see that the relative weights of the bands scale as the square of the difference in ice and
water tie points relative to the RMS deviation of the scene. The factor E;, included to allow for
other band-dependent factors, is obtained from the Ice Weights IP. This IP, produced by the Ice
Quality process [Y11649], contains pixel weights for each band, determined by clouds, SZA,
AOT, etc.

Our approach is to calculate ice fraction for each band, according to equation 3.3.2.1.3, and
derive a band-weighted ice fraction, according to equation 3.3.2.1.4, with band weights
determined by equation 3.3.2.1.5.

Errors in deriving bice and byaer have been an obstacle to achieving global operational ice
concentration retrieval. Our algorithm greatly reduces these errors by deriving tie points from the
scene.

An icelwater threshold is derived to select the pixels used for the water distribution for scenes
containing open water. We assume that a scene-corrected threshold corresponds to the minimum
probability of reflectance and/or temperature located between values associated with water and
ice. Location of the minimum is found by use of a dliding integral taken over the probability
density of the parameter (reflectance or temperature). The range of measured parameter values
is divided into a specified number of histogram bins. This number is obtained from the Ice
Concentration LUT. The histogram of the distribution for the scene is computed. The histogram
is smoothed by a running boxcar filter of specified width, producing a dliding integral of the
parameter distribution. The width of the filter is also obtained from the Ice Concentration LUT.
The lowest value of the sliding integral is adopted as the ice/water threshold.

The water tie point is selected as the maximum in probability density distribution corresponding
to the maximum of the sliding integral over water reflectance (temperature). We analyze water
characteristics only in the immediate vicinity of the ice zone. It allows us to improve the
accuracy of water tie point determination as it eliminates water characteristics for areas far away
from ice cover. Those characteristics can differ from open water properties in the vicinity of the
ice zone.

A scene-corrected ice threshold is derived as the first minimum of the dliding integral of the
parameter distribution. The water tie point is selected as the maximum of the dliding integral
below the ice/water threshold. Figure 5 illustrates the process.
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Figure5. Distribution of 640 nm reflectance for an ice/lwater scene. Theice/water threshold
r eflectance (0.336) and the water tie point (0.083) areindicated.

For every imaged pixel, ice reflectance and/or surface temperature corresponding to an ice tie
point (pure pixel) is calculated as the most probable reflectance and/or ice surface temperature in
the vicinity of the pixel under consideration.

Theicetie point is derived locally for each pixel whose parameter value is on the ice side of the
ice/lwater threshold. The distribution of parameter values in a local search window is acquired.
The ice tie point is selected as the maximum value for a dliding integral of the local parameter
distribution. Figure 6 illustrates the process.
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Figure 6. Distribution of 640 nm reflectance for a local search window centered on a single
pixel of the scene.

For each pixel, a search window is used to establish the ice tie points from the local distribution
of reflectance and/or surface temperature at the spatial scale of the window. The ice tie point is
selected as the maximum value for a dliding integral of the local parameter distribution within
the search window. For the example presented in Figure 6, the ice tie point for the pixel is equa
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to 0.676. The accuracy of the ice tie point selection depends on the size of the local search
window, which is obtained from the Ice Concentration LUT. A larger search window will
contain more pixels, thereby increasing the statistical robustness of the distribution. This is
achieved at the expense of greater intrinsic variation in the condition of the ice within the search
window, leading to an increased bias between the true ice condition of the central pixel and the
derived ice condition of the search window. Optimization of the search window size, which will
therefore improve algorithm performance, is a primary goal of agorithm initialization and
validation.

Having selected the ice and water tie points appropriate to a given pixel, the algorithm applies
equation 3.3.2.1.1 to retrieve the ice fraction for each pixel. Ice concentration is reported as the
ice fraction of each pixel. Concentrations less than 0.0 are set to 0.0. Concentrations greater than
l0aresetto 1.0.

3.3.2.2 Ice Edge Boundary

Gridded ice fraction at imagery resolution is used to calculate ice edge boundary. A pixel is
tagged as a possible ice edge pixel if one of the following conditions are met:

(1) It has ice concentration greater than 0.1 and at least one neighboring pixel has ice
concentration less than 0.1

(2) It hasice concentration less than 0.1 and at least one neighboring pixel hasice concentration
greater than 0.1

The set of tagged pixels are examined to derive ice edge isolines and ice edge coordinates. Each
neighboring pair of tagged pixels will produce an edge coordinate and an edge pixel. The edge
pixel will be that member of the pair whose concentration is closer to the 0.1 edge value. The
edge latitude/longitude coordinate is derived by a weighted linear interpolation of the pixel
coordinates. The interpolation is to a concentration value of 0.5, as a pixel containing a compact
ice edge located at the pixel center will have a concentration of 0.5.

Lat =(Lat); + ((C1—0.5) x ((Lat)2 - (Lat)1) / (C1—Cy)) (3.3.221)
Lon =(Lon); + ((C1—0.5) x ((Lon); - (Lon)y) / (C1 —Cy)) (3.3.22.2)
where: C; = measured ice concentration for pixel with greater concentration

C, =measured ice concentration for pixel with lesser concentration

(Lat), = latitude for pixel with greater concentration
(Lat), = latitude for pixel with lesser concentration
(Lon)1 = longitude for pixel with greater concentration
(Lon), = longitude for pixel with lesser concentration

and the coordinates apply to the pixel centers, as supplied in the VIIRS SDR [Y2479] by the geo-
location algorithm [ Y3258] .

Our algorithm also provides the option to retrieve the boundary of a diffusive ice edge by
smoothing the ice concentration on an appropriate spatial scale. Different applications require
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different spatial scales of smoothing. Our algorithm allows for a flexible choice of smoothing
kernel. Our baseline approach is to determine the spatial scale of smoothing on the scene, using
the autocorrelation of the ice concentration distribution. The granule is sub-divided into a set of
granule sub-regions. The size of the sub-regions is determined from a parameter in the Ice Edge
Location LUT. For each sub-region, a spatial smoothing scale is determined from the first zero-
crossing pixel offset of the autocorrelation function (ACF) of the ice concentration image. A
vector mapping the zero-crossing pixel offset to the spatial smoothing scale (in pixels) is
obtained from the Ice Edge Location LUT. Determination of sub-region size and the mapping
vector is a primary goal of algorithm initialization and validation. The spatial smoothing kernel
is currently a boxcar filter with the derived pixel size. For example, the smallest kernel would be
a 3x3 matrix with each element = 1/9. Future development could include the determination of a
more structured filter, with pixels closer to the central pixel having greater weight.

3.3.3 Archived Algorithm Output

Ice concentration will be archived at imagery pixel resolution. It will be stored as afield in the
Fresh Water Ice EDR HDF file, along with associated quality flags, as described in the Ice
Concentration Unit Level Detailed Design document [ Y3235].

Ice edge location will be archived as an edge/no edge binary map, at imagery pixel resolution,
and as a set of latitude/longitude coordinates. Each will be stored as a field in the Fresh Water
Ice EDR HDF file, along with associated quality flags, as described in the Ice Edge Location
Unit Level Detailed Design document [ Y2506] .

3.3.4 Algorithm Watch List

Following its review of the Version 3 ATBDs, the VIIRS Operational Algorithm Team (VOAT)
has produced a list of items requiring attention. One of these, item 8, directly affects the Fresh
Water Ice EDR:

8) IMPACT OF CLOUD MASK - “Impact of Cloud Mask (clear, cloudy, aerosol
distinction) for EDR production and performance.”

In our response to the watch list, we stated that “ Raytheon agrees that the interplay between the
Cloud Mask and the rest of the VIIRS system is a central issue leading into CDR. Within the
scope of Phase 11, Raytheon will further refine the definitions of ‘ probably cloudy’ and ‘ probably

clear’.

We recognize that effective cloud masking is essential to the production of an operational fresh
water ice product from Vis-IR data. We are sensitive to the concern in the user community that
very aggressive cloud masking can result in the unnecessary exclusion of useful surface data
observable through thin clouds. We have been working with the VIIRS Cloud Integrated Product
Team (IPT) to provide a Cloud Mask IP that will enable us to process and report the Fresh Water
Ice EDR for surfaces observable through thin cloud cover. Our plan is to identify three regions
in the “Cloud Optical Thickness’ phase space. In the “Green” region (small 1), the EDR will be
reported to meet or exceed specification. In the “Red” region (large 1), the pixel will be masked
and the EDR will not be reported. We plan to define a “Yellow” transition region, where the
EDR will be reported with a quality warning attached. In this region, we expect the algorithm
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performance to be degraded below specification, but still to provide useful information. Pixelsin
the “Yellow” region will have their weight reduced by a factor obtained from the Ice Quality
LUT. Weight reduction factors will be determined from initialization activity, using MODIS
data, and will be refined with NPP/VIIRS data. The cloud optical thickness thresholds that
identify the three regions are TBD, and will require validation with MODIS and NPP/VIIRS
data. We note that it isimportant to mask and exclude “Red” region pixels, as our algorithm uses
search windows. We have modified our algorithm design to also exclude “Y ellow” region pixels
from search windows, based on our hypothesis that cloud contaminated pixels add more noise
than information to the ice condition distribution. We will test this hypothesis as part of our
validation plan.

We will continue to work with the Cloud IPT and the VOAT to ensure that the VIIRS Cloud
Mask algorithm provides a product of sufficient quality for us to meet our specification for the
Fresh Water Ice EDR.

34 PERFORMANCE

The performance of the algorithms with respect to the VIIRS requirements and the System
Specification [ SS 154640-001] (c.f. Table 1) isreviewed in this section.

3.4.1 Stratification

During Phase | of the NPOESS project, performance was verified by analysis, modeling, and/or
simulation based on the instrument design and performance characteristics and the algorithms.
The analysis, modeling, and/or simulation was sufficiently extensive in scope to verify that EDR
requirements are met under a broad range of conditions that are representative of those occurring
in nature, including both typical and extreme conditions.

3.4.1.1 Ice Concentration
We identify the following stratifications for ice concentration:

1) Iceconcentration “truth”
2) lce“type’

3) Day/Night

4) Viewing angle

Performance of the ice concentration algorithm is expected to depend on ice concentration
“truth”. A sensible stratification must then include ice concentration “truth” as a parameter. We
have selected 4 ranges of ice concentration, 0.0-0.35, 0.35-0.65, 0.65-0.85, and 0.85-1.0. These
ranges correspond to the following ice concentration zones. very open floating ice, open floating
ice, close floating ice, very close floating ice.

Ice conditions are widely variable, depending on its stage of development. The contrast between
ice and water tie points is generally larger for ice in later stages of development. Algorithm
performance is very sensitive to tie point contrast. Analytically, the error in concentration
derived from a tie point equation scales inversely with the tie point contrast. A sensible
stratification should include ice “type” as a parameter. We have selected 2 ice types, “Young”,
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and “First-Year or Older”. Young ice is characterized by a thickness of 0.1 — 0.3 meters. We
select 0.3 meters as our boundary between ice types. Our specification for ice concentration
measurement uncertainty (c.f. Table 1) excludes ice with characteristic thickness less than 0.1
meter (“New Ice” and “Nilas’).

We include a third stratification by type, which we call “Typical Scene’, to illustrate expected
performance for atypical probability of ice types.

We specify performance at nadir and at edge of scan.

Nighttime and daytime retrievals are distinct. Daytime retrievals can use reflectance data as well
as temperature data. Because thermal contrast between ice and water is smaller during the
daytime, a daytime retrieval will rely more heavily on reflectance data. Nighttime retrievals, on
the other hand, must rely solely on temperature data.

We have used a solar zenith angle (SZA) of 60 degrees in our simulations to date. Our
stratification of solar zenith angle is restricted to this value. A wider range of solar zenith angle
will be simulated in the future.

We report performance estimates for a representative sample of geophysical conditions:

Case 1: Clear, Nadir, Solar Zenith Angle = 60 degrees
Case 2: Clear, Nadir, Night, Air Temperature = -5 degrees Celsius
Case 3: Clear, Nadir, Night, Air Temperature = -10 degrees Celsius

Daytime performance will depend on solar zenith angle, as surface reflectance errors increase
with decreasing sunlight and increased atmospheric path length. We have modeled surface
reflectance error for a solar zenith angle of 60 degrees to represent a typical daytime solar
elevation in the Great Lakes region during the winter-spring ice season.

Nighttime performance will depend on the surface air temperature. The thermal contrast between
ice and open water increases as air temperature decreases. For an air temperature of 0 Celsius,
the thermal contrast between most first year ice types and water is negligible. For an air
temperature of —5 Celsius, the thermal contrast between most first year ice types and water is 3 —
4 degrees. For air temperatures colder than —10 Celsius, the thermal contrast between most first
year ice types and water is greater than 8 — 10 degrees. We have selected two cases of nighttime
air temperature (-5 Celsius and —10 Celsius) to illustrate the relative effect on performance. We
have found that performance at colder temperaturesis similar to the performance at —10 Celsius.

3.4.1.2 Ice Edge Boundary

Ice edge boundary is derived directly from ice concentration. For this reason, its stratification is
similar to that of ice concentration. We identify the following stratifications for ice edge
boundary:

1) Ice “type’
2) Sensor view angle
3) Day/Night
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Note that the ice concentration “truth” is not included as a stratification, because by definition
the retrieval occurs at ice edges only.

The rationales for our stratifications are identical to the ice concentration stratification rationales
discussed in Section 3.4.1.1, with the exception of ice concentration “truth”.

3.4.2 Stratified Performance Analysis

3.4.2.1 Ice Concentration
Ice Concentration is derived by atie point equation:

C = (P-W)/ (I-W) (3.4.2.1.1)

Where: P = measured parameter (either surface temperature or surface reflectance)
W = water parameter value (tie point)
| = ice parameter value (tie point)

Errorsin P, W, and | contribute to the measurement uncertainty:
o%c=(o% + C?*c% +(1-C)%c% )/ (I-W)? (3.4.2.1.2)

Errorsin P are derived from sensor and algorithm, and are taken from the stratified performances
of the Surface Reflectance and Surface Temperature IPs. These are documented in the VIIRS
System Specification [ SS 154640-001] and in the VIIRS Imagery Technical Interchange Meeting
(TIM) [Y4963]. Precision and accuracy errors were applied to our test data sets.

| and W are derived from a scene, using search windows. Errorsin | and W, caused by deviations
of the derived ice and water tie points from the “true” pixel tie points, have been an obstacle to
achieving global operational ice concentration retrieval. Our algorithm greatly reduces these
errors by deriving tie points from the scene.

Our analysis of ice concentration measurement uncertainty was performed as follows:

We applied our agorithm to MODIS Airborne Simulator (MAS) scenes at a 50 meter pixel
resolution. The test scenes are discussed in the VIIRS Test Data Set Specification Document.
Reflectances in MAS band 3 (648 nm) and 7 (866 nm) were calculated from the top of
atmosphere (TOA) radiances. Brightness temperatures in MAS bands 45 (11 um) and 46 (12
um) were calculated from the TOA radiances. Surface temperature was computed by the Surface
Temperature IP algorithm [ Y2405]. The surface reflectances and surface temperature at 50 meter
resolution were used as input data for our algorithm. The retrieved ice concentration was adopted
as “truth”. The 50 meter truth was aggregated to a VIIRS pixel size at nadir (8 x 8 aggregation to
0.4 km pixels) and adopted as VIIRS “true” concentration at nadir. An additional 16 x 16
aggregation was made to obtain VIIRS “true” concentration at 0.8 km (edge of scan).
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A model modulation transfer function (MTF) with HSR = 0.4 km was then applied to the surface
reflectance and surface temperature images to simulate VIIRS imagery at nadir. An additional
MTF with HSR = 0.8 km was applied to simulate the edge of scan imagery.

We then perturbed the MTF-smeared reflectances, using our model errors for the Surface
Reflectance IPin VIIRS band 11 (640 nm), which is the daytime visible (DV) imagery band. The
errors depend on surface reflectance truth, which is correlated with ice concentration. Accuracy
and precision errors were applied. Accuracy errors include a 2% calibration bias and an aerosol
optical thickness bias of 0.05. Precision errors are derived from the sensor noise. Reflectance
errors were calculated for a solar zenith angle of 60 degrees. We note that VIIRS band 12 (865
nm) is also available as a performance enhancement band. The daytime performance reported
here is from the 640 nm VIIRS band only.

We perturbed the aggregated temperatures, using model errors for the Surface Temperature |P.
Surface Temperature | P performance was derived as follows:

The split-window Ice Surface Temperature algorithm was applied to MODIS Airborne Simulator
(MAYS) scenes at a 50 meter pixel resolution. Brightness temperatures in MAS bands 45 (11 um)
and 46 (12 um) were calculated from the unperturbed TOA radiances in those bands, and used as
input data to the algorithm. The retrieved surface temperatures were adopted as “truth”. The 50
meter truth was aggregated to VIIRS imagery pixel sizes at nadir (8 x 8 aggregation to 0.4 km
pixels). The aggregated temperatures were adopted as VIIRS “truth”. The MAS TOA radiances
were then aggregated to VIIRS pixel size. A proxy for the VIIRS Long-Wave Infrared (LWIR)
imagery band radiance was made from the average of the band 45 and 46 radiances. The VIIRS
model radiances were then perturbed by our models for sensor noise and calibration bias. A 0.5%
calibration bias was applied to all radiances. Sensor noise models for VIIRS bands M15 (11 um),
M16 (12 um), and I5 (11.45 um) were applied to the corresponding radiances. The perturbed
radiances were converted to brightness temperature, and used as input data to the Surface
Temperature |IP algorithm. Surface Temperature IP accuracy, precision, and uncertainty errors
were calculated from comparison of the retrieved surface temperature to the “truth”. At nadir,
these errors are 0.278 K in accuracy and 0.378 K in precision. At edge of scan, the precision
error is0.508 K.

We applied the algorithm to the perturbed VIIRS scenes to retrieve ice concentration, and
computed measurement uncertainty by comparing the retrieved concentration to the “VIIRS
truth”. The pixel deviations between retrieved and true concentration were aggregated 2 x 2to a
horizontal cell of 0.8 km to represent a VIIRS nadir retrieval. The aggregated deviations were
sorted into the four truth stratification bins. For each bin, the RMS of the deviations was
computed as the measurement uncertainty for that bin. We did this for three sea ice daytime
scenes (A Bering Sea scene in early April (AK_74 _14) from the Alaska-April 95 campaign and
two Beaufort Sea scenes in late May (ACE 65 3 and ACE 65 8) from the FIRE-ACE
campaign) and for a lake ice daytime scene (a Lake Superior scene in February (WIN_46 16)
from the WINCE campaign. An example of the procedure is illustrated for scene ACE 65 3 in
Figure 7.
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(d) (e) (f)

Figure 7. Illustration of the performance analysis methodology. The sceneisfrom the
FIRE-ACE campaign of the MODI S Airborne Simulator (ACE_65_3).

The original MAS scene (@), is used as input to the ice concentration algorithm, which derives
ice concentration at the 50 meter MAS resolution (b). The concentration is aggregated to the
VIIRS pixel size of 0.4 km to produce VIIRS truth (c). Scene (a) is then perturbed by our model
for the sensor effects to simulate expected VIIRS imagery at nadir (d). Scene (d) is used as input
to the ice concentration algorithm, which derives the simulated VIIRS ice concentration (e). A
comparison of result (€) with truth (c) produces an error estimate (f).
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For daytime performance analysis, we use the reflectance data. For nighttime performance
analysis, we use the surface temperature data, adjusted to simulate conditions when air
temperature is -5 Celsius and —10 Celsius. The adjustment is necessary, because the nighttime
thermal contrast between ice and water scales linearly with the thermal contrast between air and

water:

Tw—T) =16.2H (3.61+0.049 Ty + (Tw—Ta)) / (L5 + 17 H) (3.4.2.1.3)

Where: Ty = Water Temperature (Celsius)
T, =Ice Temperature (Celsius)
Ta = Air Temperature (Celsius)
H = Ice Thickness (meters)

Equation 3.4.2.1.3 is derived from energy balance, and is approximately correct for ice thickness
less than 1 meter and for typical nighttime conditions.

Anillustration of the processis shown as Figure 8. The MAS scene AK_74 14 was processed to
create simulated nighttime surface temperature imagery for conditions where surface air
temperature = 0° Celsius, -5° Celsius, -10° Celsius, and -20° Celsius.

2 SBRS Document #: Y2404 Raytheon



NPOESSVIIRS Fresh Water Ice

(@) (b) (©)

Figure8. (a) Smulated VIIRS daytime visible band imagery of the Bering Sea scene
AK 74 14. (b) Retrieved icereflectancetie points. (c) Ice thickness, derived from the
reflectance tie points.

The color table displays a reflectance range of 0.0 (blue) to 0.7 (yellow) and a thickness range of
0.0 (blue) to 0.2 meters (yellow). The ice thickness, shown in Figure 8c, is calculated from a
fourth order polynomial thickness-reflectance relation, which was determined empiricaly by
matching temperature and reflectance distributions from a number of ice scenes.

The ice temperature was then calculated from equation 3.4.2.1.3, for agiven air temperature. The
surface temperature was computed as:

Ts =T, * C +Tw* (1-C) (34.21.4)

Sensor perturbations were added as a precision error of 0.378 K and an accuracy error of 0.278
K. Theresulting images are illustrated in Figure 9.
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(@) (b) (©) (d)

Figure9. Simulated VIIRS nighttime imagery of the Bering Sea scene AK_74 14, for air
temperatures of 0 degrees Celsius (a), -5 degrees Celsius (b), -10 degrees Celsius(c), and -20
degrees Celsius (d).

Figure 9 shows how lower air temperatures increase the thermal contrast between ice and open
water, resulting in smaller ice concentration measurement uncertainty. We will specify nighttime
performance for the -5 and —10 cases.
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The process was repeated for a fresh water ice scene, the Lake Superior MAS scene
WIN_46_16. In this case, the water temperature was set to the fresh water freezing point, ice
thickness was calculated, and ice temperatures calculated for air temperatures of 0, -5, -10, and —
20 Celsius.

Simulations were performed at for aVIIRS nadir view and for a VIIRS edge of scan view. The
simulated thermal imagery isillustrated in Figures 10 (nadir) and 11 (edge of scan).

Figure 10. Simulated VIIRS nighttime imagery of the Lake Superior scene WIN_46 16,
for air temperatures of 0 degrees Celsius (a), -5 degrees Celsius (b), -10 degrees Celsius (),
and -20 degrees Celsius (d). Theimagery issimulated for a VIIRS nadir view, with Surface
Temperature | P system errorsadded. The black pixelsareland masked.
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Figure 11. Simulated VIIRS nighttime imagery of the Lake Superior scene WIN_46 16,
for air temperatures of 0 degrees Celsius (a), -5 degrees Celsius (b), and -10 degrees Celsius
(c). Theimagery issimulated for a VIIRS edge of scan view, with Surface Temperature |P
system errorsadded. Theblack pixelsareland masked.

Measurement uncertainties were computed from the scenes for each stratification of ice
concentration truth. To assign these measurement uncertainties to an ice type bin, the mean tie
point difference for each truth bin was computed. The truth / type bin error was then derived as.

G mn = G m (l'W) / (I'W)n (3.4.2.1.5)
where. G, = measurement uncertainty for (truth,type) bin (m,n)
Om = observed measurement uncertainty for truth bin (m = 1,4)

(I-W) = observed mean difference in ice/water tie points
(I-W),, = mean difference in ice/water tie points for ice type (n = 1,2)
and the scaling factor ( 1/ (I-W) ) is based on equation 3.4.2.1.2.

Tables 5, 6, 7, 8, and 9 show the errors stratified by ice concentration and ice type. The errors are
for horizontal cells of 0.8 km at nadir and 3.2 km at edge of scan, under clear conditions. The
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third row of each table is derived as a weighted mean of the first two rows to represent a typical
distribution of lake ice thickness.

Table5. Fresh Water 1ce Concentration Measur ement Uncertainty,
Case 1 (Clear, Nadir, SZA=60 degr ees)

Ice Concentration Truth
Ice Type 0.00-0.35 0.35-0.65 0.65 - 0.85 0.85-1.00
Young .0537 .0755 .0769 .0844
First-Year/Multi-Year .0265 .0373 .0380 .0417
Typical Scene .0495 .0696 .0709 0777
Table6. Fresh Water 1ce Concentration Measurement Uncertainty,
Case 2 (Clear, Nadir, Night, Air temperature = -5 Celsius)
Ice Concentration Truth
Ice Type 0.00-0.35 0.35-0.65 0.65-0.85 0.85-1.00
Young .0359 .0730 .0663 .0662
First-Year/Multi-Year .0277 .0563 .0511 .0510
Typical Scene 0344 .0700 .0636 .0635
Table7. Fresh Water 1ce Concentration Measurement Uncertainty,
Case 3 (Clear, Nadir, Night, Air temperature = -10 Celsius)
Ice Concentration Truth
Ice Type 0.00-0.35 0.35-0.65 0.65-0.85 0.85-1.00
Young .0331 0672 0611 .0610
First-Year/Multi-Year .0255 .0518 0471 .0470
Typical Scene .0317 .0644 .0586 .0585
Table8. Fresh Water 1ce Concentration Measurement Uncertainty,
Case 4 (Clear, Edge of Scan, SZA = 60 degr ees)
Ice Concentration Truth
Ice Type 0.00-0.35 0.35-0.65 0.65-0.85 0.85-1.00
Young 0642 .0996 0874 0724
First-Year/Multi-Year .0317 .0492 .0432 .0358
Typical Scene .0592 .0917 .0806 .0667
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Table9. Fresh Water 1ce Concentration Measurement Uncertainty,
Case5 (Clear, Edge of Scan, Night, Air temperature = -5 Celsius)
Ice Concentration Truth
Ice Type 0.00-0.35 0.35-0.65 0.65-0.85 0.85-1.00
Young .0350 .0956 .0707 0547
First-Year/Multi-Year .0270 0737 .0545 .0422
Typical Scene .0335 .0916 .0678 .0525

It should be noted that the (1 / (I-W)) factor in the equation for ice concentration measurement
uncertainty is the primary determinant of performance. As the contrast between ice and water (I-
W) decreases, errors increase inversely. Our simulations indicate that we do not attain our
specification when the thermal contrast between ice and water is less than 2.2 K and the visible
reflectance contrast is less than 0.14. The effect of reducing al of our system errors by afactor of
2, for example, would allow us to attain our specification for an additional range of 1.1 K inice
temperature. Performance is limited more by the geophysical conditions of the scene than by the
sensor/agorithm limitations.

3.4.2.2 Ice Edge Boundary

Ice edge boundary is computed by linear interpolation of the measured ice concentrations
between neighboring pixels. Neighboring pixel pairs are selected when their measured
concentrations are on different sides of the 0.1 concentration threshold defining an ice edge. The
interpolation is to a concentration value of 0.5, as a pixel containing a compact ice edge located
at the pixel center will have a concentration of 0.5.

Lat =(Lat); + ((C1—0.5) x ((Lat)z - (Lat)1) / (C1—Cy)) (34.2.2.1)
where: C; = measured ice concentration for pixel with greater concentration

(Lat), = latitude for pixel with greater concentration

C, = measured ice concentration for pixel with lesser concentration

(Lat), = latitude for pixel with lesser concentration
A similar equation is applied for edge longitude.
Errorsin geolocation and ice concentration contribute to the measurement uncertainty:
oLa = (((Lat)z - (Lat))® 6°c)/(C1—C2)? ) + o’ (34.2.2.2)

where: o = Geo-location error in latitude.
oc = Concentration error

A similar equation applies to longitude error.

38 SBRS Document #: Y2404

Raytheon



NPOESSVIIRS Fresh Water Ice

The combined edge location error therefore has the form:
6’k = A o°c PP/ (C1—Cp)% + 0% (3.4.2.2.3)

where: P = separation of pixel centers (km)
oc = Geo-location error of the pixel centers (km)

and A isafactor that depends on the topology of the ice edge within the edge pixel.

Our analysis of ice edge boundary measurement uncertainty was performed as follows:

We applied our algorithm to the same MODIS Airborne Simulator (MAS) scenes we used for ice
concentration (c.f. Section 3.4.2.1) at a 50 meter pixel resolution. Reflectances in MAS bands 3
(648 nm) and 7 (866 nm) were calculated from the TOA radiances. Brightness temperatures in
MAS bands 45 (11 um) and 46 (12 um) were calculated from the TOA radiances. Surface
temperature was computed by the Ice Surface Temperature algorithm. The surface reflectances
and surface temperature were used as input data for our algorithm. Our ice concentration
algorithm was applied. The retrieved ice concentration was used as input data to our ice edge
algorithm. The latitude/longitude coordinates for compact edges were adopted as edge boundary
“truth”.

We applied the ice concentration algorithm to the perturbed VIIRS scenes. The retrieved ice
concentration was used as input data to our ice edge algorithm. We calculated the distance
between each retrieved compact ice edge boundary location and the nearest “true” ice edge,
converting degrees latitude and longitude to km. The conversion accounts for the cosine of the
latitude reduction in longitude degree to km conversion.
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An exampleis shown as Figure 12.

Figure12. lllustration of ice edge boundary retrieval.

The scene is from the FIRE-ACE campaign of the MODIS Airborne Simulator (ACE_65 3).
The ice concentration retrieval at nadir (left) is input to the algorithm, which produces an ice
edge/no edge binary map (right). In the figure, the binary map is shown superimposed on the
smoothed ice concentration map used by the agorithm to derive diffuse ice edge boundary
location.

The algorithm output is also a set of latitude/longitude coordinates, derived in the vicinity of the
edge pixels by equations 3.3.2.2.1 and 3.3.2.2.2. Ice edge boundary measurement uncertainty is
calculated from the deviation of the retrieved edge coordinates from the coordinates of the
nearest true ice edge. The mean boundary location error for the compact edge is 0.134 km.

The error is assumed to scale with ice concentration measurement error, from equation 3.4.2.2.3.
We therefore scaled our derived edge boundary measurement errors by the corresponding ice
concentration measurement uncertainties for the different ice types, as indicated in Section
3.4.2.1. That is, we use the observed errors in ice concentration and ice edge boundary to
determine the A factor for the scene, which we adopt as typical for a compact ice edge.
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Geo-location errors (one sigma) of 0.133 km at nadir and 0.500 km at edge of scan were then
applied, following our system specification for geo-location error [ SS154640-001] .

Tables 10, 11, and 12 show the errors stratified by scan angle and ice type. The third row of each
table is derived as a weighted mean of the first two rows to represent a typical distribution of
lake ice thickness. The errors apply to compact ice edges only. Errors for diffuse ice edges will
depend on the spatial scale of ice concentration gradient.

Table 10. Ice Edge Boundary M easurement Uncertainty (km),
Case 1 (Clear, SZA=60 degrees)

Scan Angle
Ice Type Nadir Edge of Scan
Young 0.290 0.842
First-Year/Multi-Year 0.184 0.624
Typical Scene 0.272 0.803

Table 11. Ice Edge Boundary M easurement Uncertainty (km),
Case 2 (Clear, Night, Air Temperature=-5 Celsius)

Scan Angle
Ice Type Nadir Edge of Scan
Young 0.272 0.827
First-Year/Multi-Year 0.226 0.723
Typical Scene 0.263 0.807

Table 12. Ice Edge Boundary M easurement Uncertainty (km),

Case 3 (Clear, Night, Air Temperature =-10 Celsius)

Scan Angle
Ice Type Nadir Edge of Scan
Young 0.239 0.777
First-Year/Multi-Year 0.203 0.689
Typical Scene 0.232 0.760

Typical performances at nadir are better than 0.3 km, compared with our specification of 0.4 km.

Typica performances at edge of scan are better than 0.85 km, compared with our specification of
1.0 km.

As ice edge boundary is derived from ice concentration, the error is similarly sensitive to the
contrast between ice and water.
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3.4.3 Error Budgets

We identify the following factors as possibly contributing to the total error budget for ice
concentration:

e TiePoint errors

e Sensor noise

e Cadlibration

e MTF

e Band Registration

TiePoint Errors: Thereal variation in ice and water tie points can not be entirely accounted for
with a data set of finite spatial resolution. We model these errors by comparing the retrieval of
ice concentration at VIIRS resolution with the retrieval at MAS resolution. We make the
reasonable assumption that the tie point errors at a resolution of 50 meters are negligible
compared with the errors at a resolution of 0.4 km.

Sensor Noise: The dominant source of error in measured reflectance and/or temperature is
expected to be the precision error. This error is due to sensor noise and to variations in
atmospheric condition on the spatial scale of the VIIRS pixel. Our analysis shows that sensor
noise will be the dominant precision error for most cases. We therefore model these errors by
perturbing our “true” reflectances and temperatures by adding sensor noise to the radiances.

Calibration: Our agorithm is not expected to be sensitive to accuracy errors in reflectance and
temperature, since the measured parameter, the ice tie point, and the water tie point will al be
shifted by the same error. To test this hypothesis, we applied a calibration bias of 2% to the
reflectance and 0.5% to the temperature.

MTF: MTF smearing of the radiances will alias real horizontal variability into errors in
measured reflectance and/or temperature for a given pixel. We model these errors on our scenes
by applying the sensor M TF specification to the images.

Band Registration: Band-to-band registration errors will also alias horizontal variability into
measurement error. These errors only apply to aretrieval that uses more than one band. Since our
performance analysis is based on single band retrieval, band registration errors were not
simulated. If the retrieval were to use more than one band to enhance performance, band
registration error must be considered. For now, we note that the current performance analysis can
always be achieved with a single band. If a multi-band result is worse, due to the effects of band
registration or non-optimum band weighting, we always have the option of using the single band.

An error budget for ice concentration is shown in Table 13.
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Table 13. Error Budget for Fresh Water |ce Concentration

FRESH WATER ICE Case: Clear, Nadir, SZA = 60 degrees,
CONCENTRATION Truth = 0.85-1.0, Typical Scene
Specification v5 (CDR)

Measurement Reference

Uncertainty (km)
Threshold TBD VIIRS SRD
Objective TBD VIIRS SRD
System Specification 0.1 Raytheon VIIRS Specification v5
System Performance 0.0777 This document, Section 3.4.2.1
System Margin 0.0630 RSS Difference of Specification and Performance
Algorithm Performance 0.0732 This document, Section 3.4.2.1
Sensor Performance 0.0261 This document, Section 3.4.2.1

We identify the following factors as contributing to the total error budget for ice edge boundary:

+ Ice Concentration
o Horizontal Spatial Resolution (HSR)
e Geo-location

Ice Concentration: The algorithm uses the ice concentration image as input data. Errors in ice
concentration will result in ice edge boundary measurement error, as can be seen from Equation
3.4-8. We model these errors by comparing ice edge boundary retrievals from “true” ice
concentration with retrievals from ice concentration perturbed by our various error models, as
described in Section 3.4.2.1.

Horizontal Spatial Resolution: The coarseness of the VIIRS pixel size (P in eguation 3.4-8)
will limit the accuracy of the interpolation of pixelized ice concentration to ice edge coordinates.

Geo-location: Errorsin geo-location of the VIIRS reflectances and temperatures input to the ice
concentration algorithm will propagate into error in the ice edge boundary derived from ice
concentration.

The B factor in equation 3.4.2.2.3 is scene dependent, and depends on the compactness of theice
edge. Our errors are derived from analysis of compact edges only. The error due to non-zero P
combines with the ice concentration error, so is not budgeted separately. The combined pixel
resolution/ice concentration error is budgeted as “ice concentration/resolution”. The error is
allocated to the algorithm subsystem, as the ice concentration algorithm error is larger than the
ice concentration sensor error.
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Error budgets for ice edge boundary are shown in Tables 14 and 15.

Table 14. Error Budget for Fresh Water 1ce Edge Boundary (Nadir)

FRESH WATER ICE EDGE Case: Clear, Night, Air Temperature = -5 Celsius, Nadir, Typical
BOUNDARY Scene
Specification v5 (CDR)

Measurement  Reference

Uncertainty (km)

Threshold TBD VIIRS SRD
Objective TBD VIIRS SRD
System Specification 0.400 Raytheon VIIRS Specification v5
System Performance 0.263 This document, Section 3.4.2.2
System Margin 0.301 RSS Difference of Specification and Performance
Concentration / Resolution 0.228 This document, Section 3.4.2.2
Geo-location 0.133 Raytheon VIIRS Specification v5

Table 15. Error Budget for Fresh Water |1ce Edge Boundary (Edge of Scan)

FRESH WATER ICE EDGE Case: Clear, Night, Air Temperature = -5 Celsius, Edge of Scan,
BOUNDARY Typical Scene
Specification v5 (CDR)

Measurement  Reference

Uncertainty (km)

Threshold TBD VIIRS SRD
Objective TBD VIIRS SRD
System Specification 1.000 Raytheon VIIRS Specification v5
System Performance 0.807 This document, Section 3.4.2.2
System Margin 0.591 RSS Difference of Specification and Performance
Concentration / Resolution 0.604 This document, Section 3.4.2.2
Geo-location 0.500 Raytheon VIIRS Specification v5

3.4.4 Limits of Applicability

In this section, we discuss the conditions under which our specified performance cannot be
attained.

Cloudy: The Fresh Water Ice EDR is required under clear conditions only, with clear defined as
a cloud optical thickness less than 0.03. Our specification is for clear scenes only. The standard
approach to minimize errors caused by clouds is to mask pixels where clouds are likely to be
present in the radiance path. The VIIRS Cloud Mask [V-29] will perform this function. Because
no cloud mask is perfect, there will be some source of error caused by the effects of unmasked
clouds. Thin clouds will perturb the upwelling surface radiance by absorption and scattering, and
will also be a source of reflected radiance unrelated to the surface. There will also be error due to
incorrect classification of cloud contaminated pixels as clear. There will also be effects from
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cloud shadows. Cloud error assessment will require an analysis of cloud masking performance
over ice surfaces. It is desirable to perform tests to determine the expected size of the retrieval
errors under various conditions of cloud optical thickness and phase. Thin cirrus clouds are a
particularly important case of cloud error, because they are particularly difficult for the cloud
mask to detect over snow. These tests require the simulation of TOA radiances from snow
surfaces with a variety of overlying cloud layers. In the absence of these tests, we cannot
guantify the effect of clouds. The conditions under which the specification cannot be attained
may include a range of cloud optical thickness. The range will be determined by a balance
between the increasing effect of clouds on the signal and the increasing probability of correct
masking. The specification of this range has been deferred to future verification activity. It is
expected that the VIIRS Cloud Mask, which will build on MODIS heritage and experience, will
perform well enough to allow for effective operational retrieval of lake ice datafrom VIIRS.

Low Contrast Between Ice and Water Tie Points: The error in ice concentration scales
inversely with the difference between the ice and water tie points. As this difference approaches
acritical point, performance degrades rapidly. Our simulations indicate that we do not attain our
specification for ice concentration measurement uncertainty when the thermal contrast between
ice and water is less than 2.2 K and when the reflectance differences are less than 0.14. In
general, we will then not attain our specification for ice edge boundary measurement uncertainty.
This occurs under the following conditions:

Warm Nights: The thermal contrast between ice and open water may be too low when surface
air temperature is warmer than -5 Celsius. This condition can occur during warm winter nights.

Twilight of Warm Days: A reliance on solar reflectance bands suffers from limitations during
low light conditions. If it is awarm day, thermal contrast between ice and water will be too low
to allow good performance from temperature data.

"New” ice: Temperature and reflectance contrasts are strongly dependent on ice thickness. The
contrasts are generally too low for ice with a thickness less than 0.05 to 0.1 meters, depending
upon local conditions. Our specification and performance result therefore excludes “New” ice.

3.5 PRACTICAL CONSIDERATIONS
3.5.1 Numerical Computation Considerations
Paragraph SRDV 3.2.1.5.4-1 of the VIIRS SRD states the following:

“The scientific SDR and EDR algorithms delivered by the VIIRS contractor shall be convertible
into operational code that is compatible with a 20 minute maximum processing time at either the
DoD Centrals or DoD field terminals for the conversion of all pertinent RDRs into all required
EDRs for the site or terminal, including those based wholly or in part on data from other sensor
suites.”

RDR here stands for Raw Data Record. This essentially means that any and all EDRs must be
completely processed from VIIRS raw data, including calibration and geolocation, within 20
minutes from the time the raw data are available. This requirement is a strong reminder that
VIIRS is an operational instrument.
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For the Fresh Water Ice EDR, the challenges posed by the SRD time requirement are minimal.
The algorithm does not involve any kind of iteration or inversion of physically-based models.
We optimized our scheme of choosing parameters in the sliding search window. As a result of
this improvement, the requirement to retrieve ice products on a global, operational basisin a 20
minute time frame places no constraints on our algorithms.

3.5.2  Programming and Procedural Considerations

VIIRS Phase |1 efforts are largely software-focused, and the methodology for this development
work is based on sound and proven principles, as discussed in the VIIRS Algorithm Software
Development Plan [ Y6635]. The present maturity of the VIIRS software is detailed in the VIIRS
Algorithm Software Maturity Assessment document [ Y6661]. The maturity and remaining Phase
Il tasks for the agorithms themselves is summarized in the VIIRS Algorithm/Data Processing
Technical Report [ Y7040].

All procedures are automatic, to perform in the operational environment. The Fresh Water Ice
EDR will be produced in an integrated software system within the VIIRS Ground Segment of the
IDPS. The software is composed of a set of independent testable units. These include the Ice
Quality, Ice Concentration, and Ice Edge Location Units. The software designs relevant to these
units are summarized in the VIIRS Context Level Software Architecture [Y2469], Snow Ice
Module Level Software Architecture [Y2477], Ice Quality Unit Level Detailled Design [ Y11649],
Ice Concentration Unit Level Detailed Design [Y3235], and Ice Edge Location Unit Level
Detalled Design [ Y2506]. These designs will be tested at the system level as described in the
most recent versions of the VIIRS Software Integration and Test Plan [Y3236], Algorithm
Verification and Validation Plan [ Y3237], and System Verification and Validation Plan [ Y3270].
A summary of the ultimate strategy for operational application of the system of VIIRS
algorithms is provided in the VIIRS Operations Concept document [Y2468]. The VIIRS
Interface Control Document (ICD [Y2470]) provides more detail on the specifics of ancillary
data requirements for VIIRS EDR products.

3.5.3  Configuration of Retrievals

The agorithm requires the availability of input data from a variety of sources, including VIIRS
SDRs, VIIRS IPs, and a number of LUTs. A detailed list of these sources can be found in the
Build SDR Module Level Software Architecture [Y2479], Snow Ice Module Level Software
Architecture [ Y2477], Ice Quality Unit Level Detailed Design [ Y11649], Ice Concentration Unit
Level Detailed Design [Y3235], and Ice Edge Location Unit Level Detailed Design [ Y2506].
The EDR is not needed as input ancillary data by any other algorithm in the VIIRS system. The
NPOESS/VIIRS processing configuration is designed to satisfy these expectations [ Y2469].

354  Quality Assessment and Diagnostics

Quality flags will be attached to the EDR. Most of these are at the imagery pixel resolution. A
description of the quality flags can be found in the detailed design documents.
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355  Exception Handling

The software is designed to handle a wide variety of processing problems, including bad and
missing data and fatal errors. In the event that processing problems prevent the production of
useful EDR data, error flag information will be written to the output EDR file as metadata.

3.6 VALIDATION

Validation of the Fresh Water Ice EDR will be conducted as part of the VIIRS System
Verification and Validation Plan [ Y3270], and will be coordinated with the Nationa |ce Center,
with the purpose of assuring that the VIIRS data products can be incorporated into their strategic
product.

Radiative transfer models will be applied to large solar zenith angle data to optimize the models
for polar conditions. MODIS data taken at solar zenith angles greater than 70 degrees will be
studied to assist in determining the reflectance band weighting function. The limiting factor is
believed to be the reliability of atmospheric correction at larger solar zenith angles. Plane parallel
radiative transfer algorithms are inaccurate for angles greater than 70-75 degrees. Development
of improved radiative transfer models at larger angles will allow us to relax this constraint. To
solve the Radiative Transfer Equation appropriately one would have to take into account the
spherical shell atmosphere geometry (Thomas and Stamnes, 1998). It is expected that “truth” can
be established from in situ data obtained from MODI S validation campaigns.

The pre-launch plan includes sensitivity studies, analysis of simulated VIIRS data, and
verification using MODIS data Observations from AVIRIS, MAS, MODIS, GLI, and
NPP/VIIRS will be used in the pre-launch phase to study the error characteristics and optimum
techniques for the algorithm. It is expected that MODIS validation data will be of great value.
The NPP/VIIRS will be critical in adjusting and verifying the values of the parameters in our
LUTSs. This process will be essential in making the algorithm operational prior to the NPOESS
mission. We recommend an NPP/VIIRS validation campaign that includes in situ field
measurements, ER-2 underflights (AVIRIS and MAS), and low level aircraft measurements at
gpatia resolutions as fine as 10 meters (e.g. RC-10 camera data). NPP/VIIRS data can be re-
processed many times with various combinations of band weight functions and search window
parameters, and resulting ice concentration and edge location can be compared to “truth’
established from the auxiliary data. In this way, optimum band weight functions and search
window parameters can be selected.

Our plan is designed to interface smoothly with post-launch validation activity. The availability
of NPP/VIIRS data prior to the NPOESS mission will be of enormous benefit. We would
propose to conduct an NPP/VIIRS validation campaign similar to the MODI S validation activity,
and use it as a model for the post-launch NPOESS/VIIRS validation campaign. In this sense,
post-launch validation will aready have been simulated by the pre-launch validation activity.
Following launch, we would substitute real VIIRS data for the pre-launch ssimulated data. Cross-
validation with NPOESS/CMI S provide a valuabl e extra capability.
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4.0 ASSUMPTIONS AND LIMITATIONS

4.1 ASSUMPTIONS
The following assumptions apply to the algorithms described in this document:

o An effective cloud mask over snow and ice surfaces will be available from the VIIRS Cloud
Mask IP[Y2412].

o Surface reflectances will be derived from TOA radiances with errors as specified in the
VIIRS Surface Reflectance ATBD [Y2411].

e A Surface Temperature IP will be provided, with errors as specified in the VIIRS Ice Surface
Temperature ATBD [Y2405].

4.2 LIMITATIONS
The following limitations apply to the algorithms described in this document:

e Clear conditions only. The definition of "clear" will be developed in coordination with the
development of the VIIRS Cloud Mask 1P [Y2412]. It will depend upon the capability of the
cloud mask over snow and ice surfaces and upon the capability of radiative transfer modeling
through thin clouds.
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